Abstract: Natural products represent the source or the inspiration for the majority of the active ingredients of medicines because of their structural diversity and a wide range of biological effects. Our aims in this study were (i) to synthesize enzymatically salidroside (SAL), the most effective phenylethanoid glycoside in Rhodiola species; (ii) to examine its antioxidant capacity using cell-free assays (reducing power, DPPH radicals scavenging and Fe 2+ -chelating assays); (iii) to assess its DNA-protective potential on plasmid DNA (DNA topology assay) and in HepG2 cells (comet assay) damaged by Fe 2+ ions and hydrogen peroxide, respectively; and (iv) to investigate the effects of SAL, cisplatin (CDDP) and combined treatments of SAL + CDDP on cell viability (MTT test), level of DNA damage (comet assay), proliferation, cell cycle (flow cytometry) and the expression of signalling molecules associated with cell growth and apoptotic pathways (Western immunoblotting). We found out that SAL manifested low antioxidant and DNA-protective capacity in all assays used. In both parental A2780 and CDDP-resistant A2780/CP human ovarian carcinoma cells, SAL itself exerted in fact no impact on the viability, while in combination with CDDP it showed antagonistic effect supporting the chemopreventive activity on the CDDP-induced cell damage. These results were confirmed by the partial reversal of the cell cycle alterations and the DNA damage level, as well as with partial restoration of cell survival/ signalling pathways, when the expression of these molecules partially returned to their proper levels.
Natural products represent the source or the inspiration for the majority of the active ingredients of medicines and in drug development. The study of chemoprotective potential of natural compounds and their synthesized analogues, which can be potentially used in the prevention and health protection, might be therefore of great importance [1] .
The naturally occurring phenylethanoid glycosides (PhGs) have long been a subject of interest to medicinal chemists given their great potentials in pharmaceutical and industrial applications [2] . PhGs are a group of water-soluble natural products widely distributed in the plant kingdom, most of which are isolated from medicinal plants [3] . Rhodiola species are herbaceous perennial plants of the Crassulaceae family that have been used extensively in the traditional medicines of both Asia and Europe as tonic, adaptogen, antidepressant and anti-inflammatory drugs [4] . Salidroside (tyrosol b-D-glucopyranoside), a major compound in Rhodiola, seems to be responsible for many of the effects observed with Rhodiola extracts [4] . Its rather low content in plants and the limited availability of the most productive Rhodiola species raise an intensive search for alternative ways of this glycoside preparation. Recently, the synthesis of tyrosol glycosides, SAL, tyrosol b-D-galactopyranoside and tyrosol a-D-galactopyranoside, by transglycosylations with fungal glycosidases has been reported by Potocka et al. [5] . In the present study, we evaluated biochemical and biological properties of enzymatically prepared SAL, focusing especially on its reducing power, radicals scavenging, chelating and DNA-protective potentials, as well as on further investigation of chemopreventive properties in cellular experimental systems. We assessed the cytotoxicity of SAL in human sensitive and cisplatin (CDDP)-resistant ovarian carcinoma cells (A2780 and A2780/CP, respectively) and determined the combination indices (CI*) for combined treatments of SAL + CDDP using MTT assay. The effects of SAL, CDDP and combined treatments of SAL + CDDP on the level of DNA damage, viability, cell cycle, proliferation and signalling molecules associated with cell growth and apoptotic pathways were investigated using the comet assay, flow cytometry and Western immunoblotting.
Materials and Methods
Reagents and materials. Enzymatic synthesis of SAL was executed by transglucosylation from cellobiose to tyrosol by commercial bglucosidase Novozym 188 [5] . SAL was kept at 4°C, 200 mM stock solution in dimethyl sulphoxide (DMSO) at À80°C, and dilutions in appropriate reaction mixtures were done freshly just before the experiments.
Cisplatin (CDDP), hydrogen peroxide (H 2 O 2 ), propidium iodide (PI), ethidium bromide (EtBr), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich Co. All other reagents and chemicals used were of analytical grade.
Cells and treatments. Human hepatoma HepG2 cells were routinely cultured at 37°C in a humidified atmosphere of 5% CO 2 in DMEM supplemented with 10% heat-inactivated foetal bovine serum (FBS), penicillin 200 U/ml and streptomycin 100 lg/ml. A set of two human Author for correspondence: Eva Horvathova, Cancer Research Institute BMC, Slovak Academy of Sciences, Dubravska cesta 9, 845 05 Bratislava, Slovak Republic (e-mail Eva.Horvathova@savba.sk).
ovarian carcinoma cell lines were chosen to test potential chemoprotective effect of SAL alone or in combination with CDDP therapy. Parental cisplatin-sensitive cell line A2780 and its CDDP-resistant subline A2780/ CP were routinely cultured in RPMI 1640 medium supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100 lg/ml penicillin and 50 lg/ml streptomycin, respectively. All media and supplements used for cell cultivation were purchased from Gibco BRL (Paisley, UK).
For the DNA-protectivity assessment, HepG2 cells were treated for 48 hr with different concentration of SAL (0-2000 lM) to detect cell viability (MTT test) and with selected concentrations of SAL (50-200 lM) to measure DNA-protective potential against H 2 O 2 -induced DNA damage (300 lM diluted in PBS for 5 min. on ice in the dark; comet assay).
For the study of chemoprotective potential, A2780 and A2780/CP cells were exposed to various concentrations of SAL or CDDP for 48 hr. In combination, SAL was added 1 hr before the CDDP treatment. The stock solution of SAL was originally dissolved in DMSO, and an equal volume of DMSO (final concentration <0.02%) was added to the control cells.
Cytotoxicity assay. Colorimetric MTT assay [6] for the measurement of proliferation, viability and cytotoxicity was used to monitor the cells after treatment with SAL, CDDP or their combinations. Modification used in our experiments was described by Melusova et al. [7] .
Single cell gel electrophoresis (SCGE; comet assay). Assessment of DNA damage in all cell lines was performed by the SCGE [8] .
For the DNA-protectivity assessment (against H 2 O 2 ) in HepG2 cells, the method of SCGE according to Horvathova et al. [9] was precisely followed. To study and distinguish frank DNA breaks and DNA damage induced in A2780 and A2780/CP cells with DNAcross-linking agent CDDP, the incubation of the cells with styrene oxide (StO) was carried out as described by Fikrova et al. [10] and Hunakova et al. [11] .
One hundred of EtBr-stained nucleotides per sample in one electrophoresis run were examined with a Zeiss Imager.Z2 fluorescence microscope using a computerized image analysis (Metafer 3.6, MetaSystems GmbH, Altlussheim, Germany). The percentage of DNA in the tail was used as a parameter for the measurement of DNA damage. In experiments for detection of cross-links, the values for the DNA damage are given as percentages of StO-induced DNA migration calculated by the formula suggested by Pfuhler and Wolf [12] and modified by Hunakova et al. [11] .
Flow cytometric analysis of cell cycle. Cell cycle analysis was performed by measuring DNA content using fluorescent nucleic acid dye PI to identify proportion of cells in each of the three stages of interphase. The method was described more in detail by Pastorek et al. [13] . A2780 and A2780/CP cells were first treated with SAL, CDDP and their combinations, PI-stained and sorted using a FACS Canto II flow cytometer (Becton Dickinson, Biosciences, San Jose, CA, USA). Data were analysed with the FCS Express version 4.0 (De Novo Software, Glendale, CA, USA).
Western immunoblotting. Cell lysates for immunoblotting were prepared as described in detail elsewhere [13] . Proteins transferred onto nitrocellulose membranes were probed with corresponding polyclonal primary antibodies (PARP-1, Nrf-2, NF-jB, Bax, Bcl-2, b-actin; Santa Cruz and Caspase 9; Cell Signaling, Technology Inc., Beverly, MA, USA). Following with a corresponding HRP-conjugated secondary antibody (Santa Cruz, Biotechnology Inc., Dallas, TX, USA), we visualized protein-antibody complexes using enhanced chemiluminescence reagent. b-actin was used as a loading control. Relative protein amounts were calculated by ImageJ software (NIH, Bethesda, MD, USA) after normalization to b-actin.
Antioxidant cell-free assays. The reducing power of SAL was determined according to Yen and Chen [14] and Zhao et al. [15] and its ability to scavenge DPPH (1,1-diphenyl-2-picrylhydrazyl) radicals was measured using the assay modified by Sharma and Bhat [16] . Both methods were described in detail recently by Horvathova et al. [9] .
The results obtained by the above-mentioned techniques were verified by the Fe 2+ -chelating activity assay described by Rajic et al. [17] , as one of the mechanisms of antioxidant action could be the transition metals chelation.
DNA topology assay. The method of electrophoretically monitored DNA protectivity and potential antimutagenicity was described by Cipak et al. [18] and Horvathova et al. [9] in detail.
Statistical analysis. Data were analysed by SPSS for Windows, Version 15.0 (SPSS Inc., Chicago, IL, USA). Normality of distribution was tested by Shapiro-Wilk test. Because all data sets were normally distributed, the independent samples t-test was performed to test for significant differences between two groups. Differences between more than two groups were assessed by one-way analysis of variance (ANOVA) followed by the Bonferroni test if equal variances were assumed or Tamhane's test if equal variances were not assumed. All the data are expressed as the means AE standard deviations (S.D.). Differences with p < 0.05 were considered as significant.
To evaluate the kind of interaction between two compounds (SAL and CDDP) in combined treatments, the CalcuSyn 1.1 software (Biosoft, Ferguson, MO, USA, 1996) was used to calculate the combination index (CI*), according to the Chou-Talalay method [19] . This method provides semiquantitative description of the degrees of synergism or antagonism, when the CI* is 1, the effects are considered additive, whereas CI* less than 1 indicates synergism and CI* greater than 1 indicates antagonism. In 2006, the ranges of CI* and the symbols were refined and expanded [20] .
Results
Antioxidant cell-free assays. SAL manifested low reducing power, DPPH radicals scavenging and Fe 2+ -chelating capacity in comparison with positive controls used in appropriate assays (table 1) .
DNA-protective potential of SAL. While at the highest concentration tested, SAL showed the highest DNA-protective effect ( fig. 1, lane 7) , at the lower concentrations SAL preserved plasmid DNA to a lesser or no extent, as in these samples bands corresponding to relaxed circular and linear forms were detected ( fig. 1, lanes 8-10) .
To assess the DNA protectivity and effects on cellular level, the comet assay was conducted with the concentrations of SAL at which HepG2 cell viability was above 80% ( fig. 2A) . CDDP treatment alone, suggesting antagonistic effects of SAL on decreasing sensitivity to CDDP in both cell lines. The attenuating effect of SAL on CDDP-induced G2/M arrest was not manifested when higher concentrations of CDDP were used.
Effects of SAL, CDDP and combined SAL and CDDP treatments in comet assay. 
Western immunoblotting.
Due to the observed cell cycle alterations and DNA damage, analysis of selected proteins in A2780 and A2780/CP cells treated with SAL, CDDP and their combinations was examined using Western blotting. The cleavage of PARP-1 protein signalizes apoptosis, so the increased amount of cleaved PARP-1 (89 kDa) in a dose-dependent manner in both sensitive A2780 and resistant A2780/CP cells treated with CDDP was identified. However, decreased amounts of cleaved PARP-1 product were detected for combined SAL + CDDP treatments in both cell lines, except resistant A2780/CP cells treated with the combination of 100 lM SAL + 20 lM CDDP ( fig. 6 ). Nrf-2 protein binds antioxidant response element (ARE). It is implicated in the regulation of detoxification enzymes and in the oxidative stress response. CDDP treatment of both A2780 and A2780/CP cells decreased the expression of Nrf-2. However, for combined SAL + CDDP treatments the restoration of Nrf-2 expression was visible in both cell lines studied ( fig. 6 ).
NF-jB is a transcription factor responsible for many activities in cells including a rapid response after stress stimuli, for example reactive oxygen species (ROS). We saw no change in the expression of NF-jB protein either in the control or treated cell lines ( fig. 6 ).
To visualize possible pro-or anti-apoptotic changes mediated by SAL, CDDP or combined treatments, we chose another apoptosis-related protein to test in both cell lines. Bcl-2 expression in both sensitive A2780 and resistant A2780/ CP cells; however, there is a slight increase in basal level of Bcl-2 in resistant cells observed by our team in the past [21] . Apoptotic stimulation induces cleavage of caspase 9 to p35 or p37 kDa subunits. In our blots, only full-length caspase 9 was detected. The level of caspase 9 increased after CDDP treatment, while combined SAL + CDDP treatments reduced the intensity of caspase 9 bands in both sensitive and resistant cell lines ( fig. 6) . 
Discussion
Prevention of cancer remains the most promising strategy for reducing both its incidence and the mortality due to this disease. The role of agents that can reduce/eliminate genetic damage, which is generally considered as the most important stimulus for the initiation of the carcinogenesis multi-stage process, is very significant. Plants are a rich source of phytochemicals possessing such properties. Various structures of these compounds, a wide range of their biological activities and limited availability of them in productive plants have inspired organic chemists to prepare their effective synthetic analogues. A number of studies have demonstrated a protective effect of Rhodiola species and some of their constituents, such as SAL, on various cells and tissues subjected to ROS, or to conditions that lead to their generation [22] [23] [24] , which constitute a feature of many inflammatory and civilization diseases. Therefore, we enzymatically synthesized SAL [5] and characterized its antioxidant and DNA-protective activity using a battery of biochemical cell-free as well as cellular assays.
Although our results revealed only weak direct antioxidant activity of SAL, its protective effects manifested on plasmid DNA damaged by Fe 2+ ions and on HepG2 cells treated with H 2 O 2 were dose-dependent and/or statistically significant, respectively. It is well known that oxygen homeostasis represents a fundamental physiological process that requires the coordinated regulation of an extensive array of genes and cellular processes, and dealing with ROS is a serious extracellular and intracellular stress that compromises cellular survival. In a study with hippocampal cells, SAL moderately reduced the cell viability loss, lowered the lactate dehydrogenase activity as well as decreased signs of apoptosis induced by H 2 O 2 [25] . Another studies made use of PC12, a class of highly useful cells derived from a rat pheochromocytoma, to evaluate the effects of SAL on H 2 O 2 -induced apoptosis [26] and on hypoglycaemia and serum limitation-induced cytotoxicity [24] . In these experiments, SAL restored viability of cells with concomitant improvements in apoptotic morphological changes [26] and by the inhibition of the intracellular ROS production [24] . SAL was also able to protect cardiomyocytes against hypoxia-induced necrosis and apoptosis [27] as well as ischaemic myocardium against ischaemia/reperfusion injury in rats [28] . The results of these few studies that have been carried out on the protective properties of SAL correlate and suggest that the effect of SAL may be related to its antioxidant activity which, however, differs from the typical free radical scavenging mechanisms [4, 24] . In addition to antioxidant and DNA-protective activities of SAL, we extensively evaluated its chemopreventive potential against model chemotherapeutical compound cisplatin. For more than 30 years, cisplatin serves as one of the most important anticancer drugs used clinically. DNA is thought to be the primary biological target of CDDP. The intrastrand cross-link between two adjacent G residues is believed to be the critical lesion responsible for CDDP cytotoxicity [29] . In our study, the comparison of combination indices between parental and resistant cell line showed small non-significant differences in their values. This fact informs us that the SAL mechanism of action probably does not lie in the resistant phenotype of cells. Liu et al. [30] found SAL-induced inhibition of mTOR pathway in bladder cancer cells while minimal effect on the growth of nonmalignant bladder cell line was observed. As shown in our experiments, CDDP can arrest both sensitive A2780 as well as resistant A2780/CP cells in G2/M phase of cell cycle what is in line with findings of several reports published on various human ovarian carcinoma cells [31] [32] [33] [34] . This CDDP-induced G2/M phase arrest was accompanied by increased level of DNA damage manifested as the reduced migration of DNA into the tails of comets observed by us in the present investigation, by Hunakova et al. [11] as well as by Pfuhler and Wolf [12] .
Enzymatically synthesized plant metabolite SAL itself manifested no effect on the viability, cell cycle progression and levels of DNA damage in the cells studied when all parameters assessed remained at the levels of control values.
Investigation of the interactions between SAL and CDDP in combined treatment calculating the combination indices showed antagonistic effect that reveals SAL chemopreventive capacity on the CDDP-induced cellular damage. These results were confirmed by the partial reversal of the cell cycle alterations at the lower concentrations of CDDP used for combined treatments of both A2780 and A2780/CP cells as well as by the increase in DNA migration in A2780/CP cells detected by the comet assay. The antagonistic effects of SAL were not manifested at the higher concentrations of CDDP used for the combined SAL + CDDP treatments of both A2780 and A2780/CP cells measuring cell cycle alterations and in the comet assay for combined SAL + CDDP treatment of A2780 cells detecting approximately the same percentage of DNA migration as in CDDP-treated cells.
To gain a deeper insight into molecular mechanisms of a complex intracellular survival/apoptosis signalling network that ultimately regulates gene expression in response to SAL, CDDP or combined treatments of SAL + CDDP in A2780 and A2780/CP cells, we used Western blot to analyse possible changes in proteomic composition. CDDP-induced genotoxic stress activates multiple signal transduction pathways [29] . We found increased expression of pro-apoptotic proteins Bax (with apoptosis-inducing effects) and PARP-1 in both CDDP-treated cell lines. We detected no cleavage products for caspase 9, 'an apoptosis initiator caspase' [35] , what would suggest that caspase 9 did not yet get the signal to activate and it is not able to pass the activation signal onto downstream executive caspases. In any case, we observed the increased expression of fulllength caspase 9 protein in cells treated with CDDP. A major mechanism in the cellular defence against oxidative or electrophilic stress is activation of the Nrf-2-ARE signalling pathway, which controls the expression of genes whose protein products are involved in the detoxification and elimination of reactive oxidants and electrophilic agents through conjugative reactions and by enhancing cellular antioxidant capacity [36] . In our study, we showed decreased expression of Nrf-2 in sensitive as well as resistant cells after the treatment with CDDP.
In combined SAL + CDDP treatment of A2780 and A2780/ CP cells, probably, the chemopreventive activity of SAL seemed to decrease the expression of PARP-1 as well as of caspase 9. Pre-treatment with SAL significantly attenuated also hypoglycaemia and serum limitation-induced activation of caspase 3 [24] 'an apoptosis executioner caspase' [35] . Even though the expression of Bax in combined SAL + CDDP treatment was decreased in sensitive cell line A2780, in resistant A2780/CP cells we did not see such effect. Western blot analysis carried out by Yu et al. [24] revealed that pre-treatment of PC12 cells with SAL at different concentrations antagonized the hypoglycaemia and serum limitation-induced down-regulation in Bcl-2/Bax protein expression ratio in a dose-dependent manner. Testing anti-apoptotic protein Bcl-2 and nuclear factor NF-jB, we saw only small changes in their expression. For all combined SAL + CDDP treatments, the expression of Nrf-2 was at least partially restored in both A2780 and A2780/CP cell lines. Thus, restoration of Nrf-2 expression could also explain the protective effect of SAL against CDDP.
Altogether, this study indicates that SAL ameliorates CDDP-induced cellular damage in human ovarian cancer cell lines and various molecular mechanisms seem to be involved in these effects. Its protective activities might be, at least partially, attributable to the SAL-evoked modulation of cell cycle, DNA damage and cell survival-/detoxification-/apoptosisrelated gene expression. These results could be of importance in the prevention of chemical attacks from the environment and also in clinical use in elimination or reduction of adverse side effects in patients after chemotherapy. However, we would like to point out the antagonistic effect of SAL in combination with CDDP, which emphasizes that more detailed study of SAL action mechanism is desirable to perform. One should be cautious with SAL use as a complementary therapy with CDDP included in treatment.
